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The Craik-O’Brien-Cornsweet (COC) effect demonstrates that perceived lightness depends
not only on the retinal input at corresponding visual areas but also on distal retinal inputs.
In the COC effect, the central edge of an opposing pair of luminance gradients (COC edge)
makes adjoining regions with identical luminance appear to be different.To investigate the
underlying mechanisms of the effect, we examined whether the subjective awareness of
the COC edge is necessary for the generation of the effect. We manipulated the visibility
of the COC edge using visual backward masking and continuous ﬂash suppression while
monitoring subjective reports regarding online percepts and aftereffects of adaptation. Psy-
chophysical results showed that the online percept of the COC effect nearly vanishes in
conditions where the COC edge is rendered invisible. On the other hand, the results of
adaptation experiments showed that the COC edge is still processed at the early stage
even under the perceptual suppression.These results suggest that processing of the COC
edge at the early stage is not sufﬁcient for generating the COC effect, and that subjective
awareness of the COC edge is necessary.
Keywords: Craik-O’Brien-Cornsweet effect, lightness perception, visual awareness, visual masking, binocular
suppression, continuous ﬂash suppression
INTRODUCTION
The perception of lightness is a fundamental aspect of vision,and
itdependsnotonlyontheretinalinputatthecorrespondingvisual
areabutalsoonthedistalretinalinputs(e.g.,Gilchrist,1977;Adel-
son,1993). The Craik-O’Brien-Cornsweet (COC) effect (O’Brien,
1958; Craik, 1966; Cornsweet, 1970) has been studied to provide
a clue as to the underlying mechanisms of lightness processing in
the brain. In the COC effect, a central edge of an opposing pair
of luminancegradients(COCedge)makesadjoiningregionswith
identical luminance appear to be different. Recent brain imaging
and physiological studies have shown that when the COC effect is
observed,theearlyvisualcorticalareas,startingasearlyasthepri-
mary visual cortex (V1 orV2),are activated (e.g.,Roe et al.,2005;
Boyaci et al., 2007; Hung et al., 2007; for reviews von der Heydt
et al., 2003; Komatsu, 2006). Furthermore, there is evidence sug-
gestingthatactivityofhighercorticalarea,suchasthelateraloccip-
ital (LO) sulcus, is correlated to the illusory lightness perception
(Perna et al., 2005). On the other hand, regarding psychophysical
studies, although it was suggested that the COC effect is inﬂu-
encedbyhigher-stageprocessingofplanarsurfaceattributes(Knill
and Kersten,1991),most of the studies have been performed only
by modulating the physical features of the COC edge, such as
luminance contrast, spatial frequency, and direction, which were
assumed to be processed at the early stage of human visual system
(Grossberg and Todorovic, 1988; Paradiso and Nakayama, 1991;
Daveyetal.,1998;Devincketal.,2007;PernaandMorrone,2007).
Meanwhile involvement of subjective awareness, whose process-
ing presumably includes the higher stages (for a review Rees et al.,
2002),hasnotbeenstudieddirectly.Inthiswork,consequently,we
examinedwhethertheCOCeffectcanbeobservedwhensubjective
awareness of the COC edge is suppressed.
We used visual backward masking (BM; Breitmeyer and Ganz,
1976;BreitmeyerandOgmen,2000)andcontinuousﬂashsuppres-
sion (CFS; Tsuchiya and Koch, 2005) to manipulate the visibility
of theCOCedge.IntheBMexperiment,themaskingstimuluswas
presentedimmediatelyaftertheCOCstimulus,whichleadstofail-
ure to consciously perceive the corresponding area. The masking
stimulus was presented in the area of the COC edge to selec-
tively eliminate the visibility of the edge. In the CFS experiment,
observer’s visual percept was continuously suppressed by present-
ing a dynamic Mondrian stimulus and the COC stimulus to the
dominanteyeandtheothereye,respectively.CFScouldselectively
rendertheCOCedgeinvisibleforafew10sinalltrials.Ourresults
demonstrate that the COC effect almost completely vanished in
both conditions (BM and CFS) when the COC edge was invisi-
ble (The results in CFS experiment agree with the observation in
Supplemental Data of Boyaci et al.,2007).
The BM and CFS experiments phenomenologically showed
that when the subjective percept of the COC edge was suppressed,
the lightness induction of the COC effect was not observed, but
the visual processing associated with the subjective awareness is
still unclear. If the neural processing at the early stage did not
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survive under BM and CFS conditions, loss of subjective aware-
ness could not be regarded as the prime determinant of inhibition
of lightness induction in those experiments. In the next exper-
iment (adaptation experiment), we examined whether the COC
edge was still processed at the early stage of the visual system,
when the COC edge was rendered invisible. In the adaptation
experiment, we examined the luminance aftereffect of the COC
edge presented under the CFS condition, since the duration of
perceptual suppression produced by the CFS enabled us to use the
adaptation paradigm to assess the neural processing psychophysi-
cally. The results of adaptation experiments showed that the COC
edge is still processed at the early stage even under the percep-
tual suppression of the COC edge. Together with the BM and CFS
experiments,it can be suggested that the early-stage processing of
theCOCedgeitself isnotsufﬁcientforgeneratingtheCOCeffect,
and that subjective awareness of the COC edge is crucial.
MATERIALS AND METHODS
OBSERVERS
Five observers participated in all experiments, and the observers
ineachexperimentincludedoneortwoof theauthors.Therestof
theobserverswerevolunteersunawareofthepurposeoftheexper-
iments. All observers had normal or corrected-to-normal vision.
The dominant eye was determined for each observer by the Dol-
man method (Fink, 1938). Informed consent was obtained from
the naïve participants before the experiment started. Recruitment
of the participants and experimental procedures were conducted
in accordance with the Declaration of Helsinki.
APPARATUS
Stimuli were generated with a PC/AT compatible personal com-
puter using the Psychlops library (Maruya et al., 2010), and dis-
played on a 21-inch CRT monitor (TOTOKU Calix CDT2141A),
with a refresh rate of 100Hz. An 8-bit grayscale with gamma cor-
rectionwasprovidedbyavideocard(AopenGeForce4Ti4200with
AGP8X). The observer viewed the monitor from a distance of
64cm while sitting in a completely dark room with his/her head
ﬁxed on a chin rest. The spatial resolution of the monitor was
1280×1024 pixels, with each pixel subtending 1.6 arc minutes at
the viewing distance of 64cm. In the BM experiment,visual stim-
ulus was presented at the center of the monitor,and the observers
viewedthestimuliwithtwoeyes.IntheCFSandadaptationexper-
iments, the display area of the monitor was horizontally divided
into two areas and the observers viewed two stimuli presented in
each area through a mirror stereoscope so that each eye could see
its corresponding stimuli.
VISUAL STIMULI
Figure1AshowstheCOCstimulususedintheBMandCFSexper-
iments. The width and height of the stimulus were 9.4 and 5.3 arc
degree,respectively.Thesizeof theluminancegradientregionwas
2.4×5.3 arc degree. The observers compared the perceived light-
ness of left and right ﬂanking regions. As shown in Figure1B,the
mean luminance of the ﬂanking region was 24.0cd/m2.When the
left and right ﬂanking regions are physically equiluminant, they
appear to be different in lightness due to the presence of the COC
edge. The maximum and minimum luminances of the COC edge
were 27.6 and 19.9cd/m2,respectively.
FIGURE 1 |Visual stimuli. (A) Craik-O’Brien-Cornsweet (COC) stimulus.
(B) Luminance proﬁle of COC stimulus. (C) Modiﬁed COC stimulus
consists of two rectangles. (D) Luminance proﬁle of modiﬁed COC
stimulus. (E) COC stimulus with white dotted line and red background. (F)
Mondrian stimulus and a rectangular patch of Mondrian stimulus.
Figure 1C shows a modiﬁed COC stimulus used in the adap-
tation experiment. The modiﬁed COC stimulus was composed
of two rectangles 3.4×5.3 arc degree in size, arranged with 2.6
arc degree horizontal spatial interval. One of the rectangles had a
luminancegradient0.9×5.3arcdegreeinsize,whichcausedlight-
ness induction into the whole rectangle area. The baseline and
minimum luminances of the luminance gradient were 24.0 and
19.9cd/m2, respectively (Figure 1D). We used the modiﬁed COC
stimuliinsteadof theoriginalCOCstimulus,sincethisenabledus
to measure the aftereffect of the COC edge without inﬂuence on
its lightness induction into adjacent areas.
As shown in Figure 1E, the COC stimulus and the modiﬁed
COC stimulus were presented with a square frame (11.6×11.6
arc degree) drawn with white dotted lines (“fuse frame”). The
backgroundcolorwasdarkred(0.11cd/m2,(CIE1931);x =0.476,
y =0.523) in the BM and CFS experiments, and it was red
(3.73cd/m2, (CIE1931); x =0.494, y =0.375) in the adaptation
experiment to optimize the adaptation effect (These values were
decided on the basis of preliminary observations). Before the ini-
tiation of a trial in all experiments, ﬁxation targets (white crosses
0.53×0.53 arc degree in size and 78cd/m2 in luminance) were
presented for stable ﬁxation at the center of the stimulus and 6.3
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arc degree above and below it. The three ﬁxation targets were
presented to avoid misalignments caused by ocular torsion.
In the BM experiment, a static Mondrian stimulus was
presented immediately after the COC stimulus. As shown in
Figure 1F, the size of the Mondrian stimulus was 4.4×12.2
arc degree. The Mondrian stimulus was composed of patches of
rectangles, subtended 0.8×1.6 arc degree and consisting of hori-
zontal sinusoidal gratings. The spatial frequency of the sinusoidal
gratings was 0.63 cycle/degree. The COC and masking stimuli
werepresentedtobotheyes.Thecentralpositionsof theCOCand
Mondrian stimuli were aligned in the displayed area,and the area
of the Mondrian stimulus totally covered the COC edge.
In the CFS experiment, a dynamic Mondrian stimulus and the
COC stimulus were simultaneously presented to the dominant
eye and the other eye, respectively. We used a dynamic Mondrian
stimuluscomposedof driftingsinusoidalgratingsinsteadof static
rectangles, since it allowed us to render the COC edge invisible
completely and continuously for several tens of seconds (Maruya
et al., 2008). The size and position of the Mondrian stimulus
were the same as those in the BM experiment. The rectangles of
the Mondrian stimulus comprised dynamic horizontal sinusoidal
gratings,which were individually moved horizontally at the speed
of 5.33˚/s. The direction of motion (left or right) was reversed
with random timing to avoid motion adaptation by these grat-
ings. The arrangement of these rectangles changed every 500ms.
The central positions of the COC and dynamic Mondrian stim-
uli were aligned. The Mondrian stimulus totally covered the COC
edge during stimulus presentation and interocularly suppressed
the awareness around the COC edge1.
In the adaptation experiment, luminance aftereffects of the
invisible COC edge were tested. In the adaptation phase, the
dynamic Mondrian stimulus used in the CFS experiment and
a modiﬁed COC stimulus were simultaneously presented to the
dominant eye and the other eye, respectively. The positions of
theMondrianstimulusandmodiﬁedCOCstimuluswerealigned.
The Mondrian stimulus totally covered the luminance gradient
region of one rectangle and interocularly suppressed the aware-
nessaroundtheluminancegradientregion1.Inthetestphase,two
uniform rectangles with 24.0cd/m2 of luminance were presented
to the dominant eye or the other eye. The sizes,positions,and eye
of thetestrectangleswerechangeddependingontheexperimental
conditions. In the standard test condition,the test rectangles were
thesameasthemodiﬁedCOCstimulusinsizeandposition;inthe
ﬂanking test condition, the test rectangles 1.8×5.3 arc degree in
size arranged with a 5.8 arc degree horizontal spatial interval were
used.
BM EXPERIMENT
Procedure
In the mask condition (Figure 2A), a COC stimulus was pre-
sentedfor50ms,andaMondrianstimuluswaspresentedfor10ms
1Itisknownthatinterocularsuppressionisnotstrictlyconﬁnedtotheretinalareaof
rivalstimulation,butspreadsbeyondtheboundariesofthosestimuli(e.g.,Kaufman,
1963; Blake and Camisa, 1979; Liu and Schor, 1994). The spatial extent of suppres-
sion can spread across several degrees when the suppression is strong (Maruya and
Blake,2009). However,in this study,we adjusted the strength of suppression so that
the suppression did not reach the area the observers used to judge the perceived
lightness.
FIGURE2|S c hematic illustrations of procedure and visual stimuli in
the BM experiment: (A) Mask condition, (B) COC condition, and (C)
No-COC condition. (D) Psychometric functions obtained with observer
AM. (E) Shifts of PSEs in the three conditions.The bars indicate the
averaged shift of PSE, with error bars showing±SEs. Symbols indicate
individual data points.
immediately after the COC stimulus disappeared. Observers were
askedtomakeatwo-alternativeforcedchoiceaboutwhichsurface
region of the COC stimulus was perceived lighter (left or right).
Prior to the experiment we conﬁrmed that all observers could
not perceive the COC edge in this condition. The luminance of
left and right ﬂanking regions were systematically changed from
trial-to-trial, while the polarity of COC edge was ﬁxed so that
the right ﬂanking region was perceived lighter when the ﬂank-
ing regions of both sides had the same luminance. The Michelson
contrast of the ﬂanking surface regions of the COC stimulus was
varied in 10 steps: −0.24, −0.12, −0.08, −0.04, 0, 0.04, 0.08, 0.12,
0.16, and 0.32. Negative values mean that luminance of the right
ﬂanking region was high and vice versa. At the lowest contrast
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−0.24, the luminances of left and right ﬂanking regions were
18.2 and 29.7cd/m2, respectively. At the highest contrast 0.32,
the luminances of the left and right ﬂanking regions were 31.4
and 16.1cd/m2, respectively. For the purpose of control, we per-
formed experiments in which the Mondrian stimulus was not
presented(COCcondition,see Figure2B)andinwhichtheMon-
drian stimulus superimposed on the COC stimulus was presented
for 50ms (No-COC condition, see Figure 2C). Thirty trials were
performed for each contrast value (300 trials for one condition,
900 trials in total). Trials in the three conditions were performed
in a randomized order.
Results
Figure 2D shows psychometric functions of an observer (AM)
under the three conditions. In general, when the surface con-
trast was negative (the luminance of right region was high), the
observers reported that they perceived the right region as being
lighter,indicating that the observers could judge the surface light-
ness properly. Although both psychometric functions obtained in
the Mask and No-COC conditions were non-biased, that in the
COC condition was shifted in the direction of positive surface
contrast (the luminance of left region was high). The apparent
lightnesswasestimatedforeachconditionbycalculatingthepoint
ofsubjectiveequality(PSE)withthecumulativeGaussianfunction
ﬁtted to the psychometric function. The averaged PSEs across all
observerswithSEsareshowninFigure2E.Apositivevaluemeans
that a typical COC effect occurred. A signiﬁcant shift toward
positive surface contrast from zero was observed in the COC
condition [t(4)=8.87, p <0.05], indicating that the COC effect
could occur even for very short stimulus duration. Conversely,no
shift in the PSE was observed in the Mask condition [t(4)=1.78,
p =0.15] and No-COC condition [t(4)=0.31, p =0.77]. A one-
way repeated measures ANOVA revealed that there was a sig-
niﬁcant difference between conditions [F(2,8)=74.48,p <0.01].
The post hoc comparison (Ryan’s method,signiﬁcant level=0.05)
showed that the value in the COC condition was signiﬁcantly
higher than those in the Mask and No-COC condition, and that
there was no signiﬁcant difference between the Mask condition
and No-COC conditions. These results demonstrated that when
the percept of the COC edge was suppressed by a BM stimulus,
the COC effect was reduced to the identical level where the COC
edge was physically covered.
CFS EXPERIMENT
Procedure
A dynamic Mondrian stimulus and the COC stimulus were pre-
sented to the dominant eye and the other eye, respectively. The
Mondrian stimulus interocularly suppressed the awareness of the
COC edge (CFS condition, see Figure 3A). The observers were
asked to make a two-alternative forced choice about which region
was perceived lighter as the Michelson contrast of the ﬂanking
regions was systematically changed in the same manner as in the
BM experiment. When observers detected the COC edge at any
time during a trial, they were asked to report it by pressing a but-
ton to abort the trial, and the same trial condition was presented
afterward.Suchabortedtrialswererare,occurringonlyoneortwo
timesforthewholeexperimentatmost.Forcontrol,weperformed
FIGURE3|S c hematic illustration of visual stimuli in the CFS
experiment: (A) CFS condition, (B) COC condition, and (C) No-COC
condition. (D) PSE of surface contrast for 50-, 200-, and 2000-ms
presentation duration in the three conditions.The bars indicate the
averaged shift of PSE, with error bars showing±SEs. Symbols indicate
individual data points.
two additional conditions, one in which the dynamic Mondrian
stimulus was not presented (COC condition, see Figure 3B) and
another in which the Mondrian stimulus superimposed on the
COC stimulus was presented to the non-dominant eye (No-COC
condition, see Figure 3C). The presentation duration of the COC
stimulus was 50, 200, or 2000ms. Trials with the three dura-
tionsandthreeconditionswereperformedinarandomizedorder.
Thirty trials were performed for each contrast value (900 trials for
one condition, 2700 trials in total).
Results
We estimated PSEs to quantitatively evaluate apparent lightness
under the presentation of CFS. Figure 3D shows results for all
conditionswiththethreepresentationdurations.Theverticalaxis
represents the shift of PSEs in the surface contrast. A positive
value means that a typical COC effect occurred. The averaged
PSEs across all observers with SEs are shown. The amounts of
shift in the COC condition were signiﬁcantly larger than zero
for all durations [t(4)=6.03, p <0.05 for 50ms, t(4)=6.18,
p <0.05 for 200ms, t(4)=5.27, p <0.05 for 2000ms], although
the magnitude of the COC effect slightly decreased as the pre-
sentation duration increased. On the other hand, the amounts
of shift were not signiﬁcantly different from zero in the CFS
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condition [t(4)=1.46, p =0.22 for 50ms, t(4)=0.72, p =0.51
for 200ms, t(4)=0.83, p =0.46 for 2000ms] or No-COC con-
ditions [t(4)=1.73, p =0.16 for 50ms, t(4)=1.31, p =0.26 for
200ms, t(4)=0.67,p =0.54 for 2000ms].
In order to evaluate the statistical difference in the shifted PSE
between conditions at each presentation duration, we ﬁrst per-
formed a two-way repeated measures ANOVA with condition
and duration as factors, and the shift of PSE as the dependent
variable. The results showed a signiﬁcant difference between the
conditions[F(2,8)=48.86,p<0.01]andanon-signiﬁcantdiffer-
ence between the durations [F(2,8)=3.40, p =0.09]. The inter-
action between them was signiﬁcant [F(4,16)=3.98, p<0.05].
Simple main effects were tested between conditions under
each duration, and the results revealed that there were signif-
icant differences between the conditions under all durations
[F(2,24)=45.92, p<0.01 for 50ms, F(2,24)=37.20, p<0.01
for 200ms, F(2,24)=21.38, p<0.01 for 2000ms]. The post hoc
multiple comparison (Ryan’s method, signiﬁcant level=0.05)
showed that the values in the COC condition were signiﬁcantly
higher than those in the CFS and No-COC conditions for all
durations. These results demonstrated that in conditions where
the visual awareness of the COC edge was suppressed by CFS, the
COC effect was drastically reduced to the identical level where the
COC edge was physically covered.
Simple main effects were also tested between durations for
each condition, and a signiﬁcant difference was only acquired
in the COC condition [F(2,24)=3.14, p=0.06 for CFS condi-
tion, F(2,24)=6.42, p<0.01 for COC condition, F(2,24)=2.14,
p=0.13 for No-COC condition]. The post hoc multiple compar-
isons (Ryan’s method, signiﬁcant level=0.05) showed that the
values for the 50- and 200-ms durations were not signiﬁcantly
different but were signiﬁcantly higher than for the 2000-ms dura-
tion condition. This tendency for the strength of the COC effect
to decrease with increasing presentation duration is consistent
with the result of a previous study (Wachtler and Wehrhahn,
1997). Although we do not clearly know the reason behind this,
it might reﬂect temporal dynamics of the lightness induction
process, which might be composed of a fast process for gener-
ating an initial percept of surface lightness (Robinson and de Sa,
2008) and a slow process to ﬁll the lightness information into
the whole surface area (De Valois et al., 1986; Rossi and Paradiso,
1996).
ADAPTATION EXPERIMENT
Both the BM and CFS experiments phenomenologically demon-
strated that when the subjective percept of the COC edge was
suppressed, the COC effect was not observed. However, the pro-
cessing stage of this phenomenon is still unclear. The results of
the BM and CFS experiments lead to,at least,two possibilities: (i)
the neural processing of the COC edge at the early stage was sup-
pressed or (ii) the COC edge was still processed at the early stage,
but the subsequent process of lightness induction was suppressed.
Our next investigation used an adaptation paradigm to look into
the processing stage of the COC edge. Speciﬁcally, we measured
the luminance aftereffects of the COC stimulus under conditions
where the COC edge was rendered invisible during the adaptation
period.
Procedure
In the COC+CFS condition,as shown in Figure4A,the dynamic
MondrianstimulusandthemodiﬁedCOCstimuluswaspresented
to the dominant eye and the other eye, respectively, for 8000ms
during the adaptation phase. One rectangle of the modiﬁed COC
stimulus had a luminance gradient region (gradient rectangle),
in which lightness induction into the whole rectangle area was
observed, and the other had uniform luminance (see Figure 1C).
FIGURE4|S c hematic illustration of procedure and visual stimuli in
adaptation experiment: (A) CFS standard test condition, (B) CFS
equiluminant adaptation condition, and (C) CFS ﬂanking test
condition. (D) Ratio of the rectangle at the side of luminance gradient
reported as brighter in the six conditions of the adaptation experiment.The
bars indicate the averaged rate, with error bars showing±SEs. Symbols
indicate individual data points. (E) Ratio of the rectangle at the side of
luminance gradient reported as brighter in the four conditions of the
subsidiary adaptation experiment.
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In the test phase, two rectangles with uniform luminance (stan-
dard test rectangles) were presented to the non-dominant eye for
1000ms,andobserversreportedwhichrectangletheyperceivedto
be lighter (right or left). When observers detected the luminance
gradient at any time during adaptation, they were asked to report
it by pressing a button to abort the trial,and the same trial condi-
tion was presented afterward. As a control experiment, we tested
a condition in which both the two rectangles for adaptation had
uniform luminance (Uni+CFS condition, see Figure 4B). The
luminance of the uniform rectangles was 24.0cd/m2, which was
the same as the luminance of the ﬂanking region of the modi-
ﬁed COC stimulus. As reported in the CFS experiment, observers
could not tell which rectangle had the luminance gradient in the
COC+CFS condition. Therefore, the perceived stimuli during
the adaptation were subjectively the same in the COC+CFS and
Uni +CFS conditions.
To check the basic adaptation effects of the modiﬁed COC
stimulus,we presented the modiﬁed COC stimulus or the equilu-
minantrectangleswithouttheCFSstimulusforadaptation(COC,
and Uni conditions). In addition, to examine the stage of adapta-
tion,wealsousedconditions,inwhichthestandardtestrectangles
werepresentedtotheoppositeeyetowhichthemodiﬁedCOChad
been presented. After adapting to the modiﬁed COC stimulus to
thenon-dominanteyewithCFStothedominanteye(COC+CFS
interocular test condition),or without CFS (COC interocular test
condition),thestandardtestrectangleswerepresentedtothedom-
inant eye. The number of trials in which the gradient rectangle
was presented at one side (right or left) was set to 30, and these
30 trials were blocked in the COC+CFS, COC, and the two inte-
rocular test conditions (60 trials in total for each condition). The
number of trials in the Uni+CFS and Uni conditions was set
to 30.
Results
The average ratios of observers’ perceiving a test rectangle lighter
at the location where the gradient rectangle was presented are
showninFigure4D.IntheCOC+CFS,andCOCconditions,the
ratioswerearound90%,andsigniﬁcantlyhigherthanchancelevel
[t(4)=11.15, p <0.05 for COC+CFS, and t(4)=6.42, p<0.05
for COC]. On the other hand, the ratios of the Uni+CFS and
Uni conditions were not signiﬁcantly different from chance level
[t(4)=0.53,p =0.62 for Uni+CFS,and t(4)=1.20,p =0.30 for
Uni]. We observed no statistically signiﬁcant effect of interocular
transferbothwithCFSandwithoutCFS,ratiosofsubjectivereport
being not signiﬁcant from chance level [t(4)=0.63, p =0.56 for
COC+CFS interocular test, and t(4)=0.30, p =0.78 for COC
interocular test].
To statistically analyze the relationship between the conditions,
we performed a two-way repeated measures ANOVA with the
type of CFS (with or without CFS) and stimulus combination of
adaptation-test(COC-standardtest,Uni-standardtest,andCOC-
interocular test) as factors and the ratio as the dependent variable.
The results showed non-signiﬁcant difference for the type of CFS
[F(1,4)=2.46, p =0.19] and a signiﬁcant difference for the type
of stimulus combination [F(2,8)=62.13, p<0.01]. The interac-
tion between them was not signiﬁcant [F(2,8)=2.58, p =0.14].
These statistical analyses showed that the ratio in the COC+CFS
conditionwasequivalenttothatintheCOCcondition,suggesting
that the CFS did not interfere with the processing of luminance
adaptation.
The post hoc comparison (Ryan’s method, signiﬁcant
level=0.05) showed that the values in COC-standard test stim-
ulus combination were signiﬁcantly higher than those for the
Uni-standardtestandCOC-interoculartestcombination,andthat
there was no signiﬁcant difference between the Uni-standard test
and COC-interocular test combinations. These analyses indicate
that,althoughtheperceptionsduringadaptationweresubjectively
thesameintheCOC+CFSandUni+CFSconditions,theirratios
were signiﬁcantly different, and this provided evidence that the
adaptation effect in the COC+CFS condition was not an artifact
due to observers’ being able to see the side of the gradient rec-
tangle. These results supported scenario (ii), indicating that the
COC edge was still processed under the CFS, presumably at the
early stage of monocular processing (see the results of interocular
test conditions), and that the CFS stimulus disrupted subsequent
process of lightness induction.
SUBSIDIARY ADAPTATION EXPERIMENT
Given the results of the above adaptation experiments suggest-
ing that the neural processing of the COC edge seems to survive
interocular suppression by CFS, we next attempted to test for the
subsequent processing of lightness induction into the adjacent
surface using a similar paradigm of adaptation. For this purpose,
we presented the test stimulus only in retinotopic regions where
the adaptation stimulus had no luminance gradient.
Procedure
The procedures were the same as the standard test conditions in
theadaptationexperimentexceptforthesizeof thetestrectangles.
The adaptation stimulus was the modiﬁed COC stimulus pre-
sented to the non-dominant eye with the CFS stimulus presented
to the dominant eye (COC+CFS ﬂanking test condition) or only
the modiﬁed COC stimulus presented to the non-dominant eye
(COC ﬂanking test condition).As shown in Figure4C,small uni-
formtestrectangles,whichdidnotcovertheareaof theluminance
gradient,were presented in the test phase. The size of the test rec-
tanglewaschosentoavoidthespreadoftheadaptationeffectofthe
luminance gradient region (see the details in the“Visual Stimuli”
section). As a control, we tested a condition in which the two rec-
tangles for adaptation had uniform but different luminance. The
luminance of one rectangle for adaptation was 24.0cd/m2, which
wasthesameasthatusedintheUniconditions.Theluminanceof
theotherrectanglewasadjustedfrom18.0to20.2cd/m2 according
to the observers so that the rectangle could be perceived as having
the same lightness as illusory lightness of the gradient rectangle
of the modiﬁed COC stimulus (lower luminance rectangle). Dur-
ing the adaptation phase,the two rectangles were presented to the
non-dominant eye with or without the CFS stimulus presented to
the dominant eye (Phys+CFS ﬂanking test or Phys ﬂanking test
condition),andduringthetestphase,ﬂankingtestrectangleswere
presented.Thenumberof trialsinwhichthegradientrectangleor
lower luminance rectangle was presented at one side (right or left)
was set to 30,and these 30 trials were blocked (60 trials in total for
each condition).
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Results
Theaverageratiosofobservers’perceivingatestrectanglelighterat
thelocationwherethegradientrectanglewaspresentedareshown
in Figure 4E. The ratio for the COC+CFS ﬂanking test condi-
tion was not signiﬁcantly different from chance level [t(4)=2.05,
p =0.11],andthatfortheCOCﬂankingtestconditionwasslightly
higher than chance level and statistically signiﬁcant [t(4)=8.52,
p <0.01]. The ratios for the Phys+CFS ﬂanking test and Phys
ﬂankingtestconditionsweresigniﬁcantlyhigherthanchancelevel
[t(4)=11.46, p <0.01 for Phys+CFS ﬂanking test; t(4)=10.46,
p <0.01forPhysﬂankingtest].Weperformedatwo-wayrepeated
measures ANOVA with type of CFS (with or without CFS) and
adaptationstimulus(COCadaptationandPhysicaladaptation)as
factorsandtheratioasthedependentvariable.Theresultsshowed
a non-signiﬁcant difference in the CFS [F(1,4)=2.37, p =0.20],
demonstrating again that the CFS did not interfere with the pro-
cessingof luminanceadaptation,andasigniﬁcantdifferenceinthe
type of adaptation stimulus [F(1,4)=63.13, p<0.01]. The inter-
actionbetweenthemwasnotsigniﬁcant[F(1,4)=0.48,p =0.53].
These analyses show that when the test rectangles did not cover
the region of the luminance gradient of the adapting stimulus
(the modiﬁed COC stimulus), the effect of luminance adaptation
was signiﬁcantly reduced. This suggests that the induced lightness
on the adjacent surface area itself causes a signiﬁcantly smaller
luminance adaptation effect compared to the physical luminance
stimulus, which has subjectively the same lightness (see the COC
ﬂanking test and Phys ﬂanking test conditions).
DISCUSSION
PRINCIPLE FINDINGS
Using visual masking and interocular suppression paradigm, we
found that the online percept of the COC effect nearly vanishes
when the COC edge is rendered invisible. The result of BM exper-
iments, in which the subjective percept of the COC edge was
suppressedbytemporallyadjacentstimulus,isanovelﬁnding,but
it is unclear whether the COC edge was processed, since the COC
and the mask stimuli were presented at the same retinal location.
On the other hand, it was guaranteed that the retinal inputs were
preserved at the stage of monocular processing in the CFS exper-
iment, since the COC and the Mondrian stimulus were presented
to different eyes. The results of the CFS experiment agree with
a previous observation (see Supplemental Data of Boyaci et al.,
2007), and in our experiment the effect of presentation duration
of the COC stimulus tested systematically. In addition, the results
are further supported by a recent report that the binocular rivalry
suppresses the COC effect (see Shevell et al.,2011).
More importantly, the results of the adaptation experiments
performed to test the processing stage of the COC edge under the
CFS demonstrated that the neural processing of the COC edge
was intact,presumably at the stage of monocular processing,even
when the COC edge was invisible. This suggests that the neural
processing of the COC edge at the early stage is not sufﬁcient
for generating lightness induction in the COC effect, and rather
indicates that subjective awareness of the COC edge is crucial.
Additionally, a subsidiary adaptation experiment demonstrated
thattheinducedlightnessof theadjacentsurfaceshowedaweaker
adaptation effect than that caused by a subjectively equivalent
physical stimulus, which also indicates the involvement of higher
processing for lightness induction in the COC effect.
MECHANISMS OF LIGHTNESS INDUCTION
It is known that simple lightness induction effects, such as simul-
taneous contrast effects and Mach bands, can be explained by
spatialﬁltering,say,lateralinhibitionamongneuronsintheretina.
Although the COC effect differs from such effects in its region of
induction (the COC edge affects the perception of entire large
areas) and its direction of induction (the region adjacent to the
lighter part of the COC edge appears lighter, the opposite of the
usual contrast effects), one might consider that the mechanism
of the COC effect is similar to that of low-level-ﬁltering effects
(Békésy, 1972; Heggelund and Krekling, 1976). It is likely that
suchsimplelateralinhibitionsmayoccurattheearliestprocessing
stage on the retina, but recent studies indicated the involvement
of cortical processing (e.g., Perna et al., 2005; Boyaci et al., 2007;
Hungetal.,2007),andourresultsfurthersupporttheinvolvement
of higher processing related to subjective awareness in the COC
effect.
The activities related to the lightness induction are found in
the broader areas of visual cortex. Recent brain imaging and
physiological studies have raised the possibility that the neural
mechanisms underlying lightness induction could be operated
at the earliest stages of cortical visual processing in V1 or V2
(Rossi et al., 1996; Rossi and Paradiso, 1999; Hung et al., 2001,
2007;Kinoshita and Komatsu,2001;MacEvoy and Paradiso,2001;
Roe et al.,2005). Also,several psychophysical studies implied that
the surface lightness is encoded by the cortical ﬁlling-in process
(Grossberg and Todorovic, 1988; Neumann et al., 2001) or banks
of spatial frequency ﬁlters (Dakin and Bex, 2003; Perna and Mor-
rone, 2007). Furthermore, another brain imaging study (Perna
et al.,2005) indicated that the COC effect activates higher cortical
areas,such as LO,which has been considered to be responsible for
amodal completion (Sasaki and Watanabe, 2004). Although the
brain areas responsible for the neural processing of the lightness
induction are still unspeciﬁed, our results suggest that conscious
processing of the COC edge, not automatic or unconscious pro-
cessing,is required in order to trigger the lightness induction into
the adjacent surfaces in the COC effect (see also Harris et al.,2011
for simultaneous contrast effect and Kanizsa illusion).
The series of our experimental results lead us to hypothe-
size that two mechanisms are responsible for the COC effect: a
feedback mechanism in a hierarchical system, which is associated
with subjective awareness of the COC edge, and a mechanism for
surface lightness, which may rely on lateral connectivity and be
activated by the feedback signal (Lamme and Roelfsema, 2000;
Lamme, 2006; see also Bair et al., 2003 for a physiological study
that showed a fast feedback mechanism and slow low-level mech-
anismrelyingonlateralconnectivityintheprimaryvisualcortex).
Itmightbespeculatedthatthefeedbackmechanismwasdisrupted
by the BM and CFS stimuli and that the second mechanism for
lightness induction was not activated, resulting in a failure of
observation of the COC effect. Our hypothesis remains highly
speculative at the moment, but it might also explain the results
of the subsidiary adaptation experiment that the negative after-
effect caused by the illusory lightness on the surfaces was very
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limitedandmuchsmallercomparedtoconditionswhereobservers
were adapted with luminance rectangles that mimicked the illu-
soryCOCpercept(seeFigure4E).Underthehypothesis,noinput
was given to the ﬁrst feedback mechanism in the test phase, since
theteststimulusdidnotcovertheareaoftheluminancegradientof
themodiﬁedCOCstimulus,andthesecondmechanismresponsi-
ble for the lightness induction was not activated. In summary,our
results imply that the COC effect is an outcome of synthetic pro-
cessing including feedback mechanisms,not solely an outcome of
either early-stage processing of lateral interactions or higher-stage
processing associated awareness.
The COC effect has been explained by another line of view,
which is based on the empirical notion that the percept is deter-
mined by a statistical consequence of an accumulation of past
experience rather than a veridical representation of the objects in
the environment (Purves et al.,1999,2004). The results of the BM
and CFS experiments might be concomitant with the empirical
view, assuming that the invisible COC edge could not be embed-
dedintheempiricalstrategyasthecontextualinformationtoinfer
lightnessof thesurfacearea.Ontheotherhand,theinterpretation
of theadaptationresultswiththeempiricalviewseemstobemore
complicated. Although, in the empirical view, the visible contents
could be considered as an essential quality for the inference of
the global scene,previous studies suggested that invisible contents
could affect perception of subsequent visual features (Lehmkuhle
and Fox, 1975; O’shea and Crassini, 1981; Blake et al., 2006;
Maruya et al., 2008). Our results of the adaptation experiments
showed that prolonged viewing of the invisible COC edge inﬂu-
encedsubsequentlightnessperceptionof thesameretinallocation
(COC+CFS condition), but not that of adjacent ﬂanking sur-
face areas (COC+CFS ﬂanking test condition). This suggests
that invisible features could affect effective strength of subsequent
inputs within spatially restricted areas,but could not play a role to
infer subsequent global scenes in the lightness perception.
CONCLUSION
To investigate the underlying mechanisms of the COC effect, we
examined whether the subjective awareness of the COC edge is
necessary for the generation of the COC effect. We used visual
BM and CFS to manipulate the visibility of the COC edge while
obtaining subjective reports about the percepts and aftereffects
of adaptation. Psychophysical results showed that the online per-
cept of COC effect nearly vanishes in conditions where the COC
edge is rendered invisible. On the other hand, the results of adap-
tation experiments showed that the COC edge is still processed
at the stage of monocular processing. These results suggest that
conscious processing of the COC edge is crucial for generating
the COC effect and that automatic processing of the COC edge,
presumablyattheearlystageof visualprocessing,isnotsufﬁcient.
ACKNOWLEDGMENTS
This research was supported by a Grant in Aid for Scientiﬁc
Research (21530780), a Grant in Academic Frontier Promotion
P r o j e c tp r o v i d e db yM E X T .
REFERENCES
Adelson, E. H. (1993). Perceptual orga-
nizationandthejudgmentofbright-
ness. Science 262, 2042–2044.
Bair, W., Cavanaugh, J. R., and
Movshon, J. A. (2003). Time
course and time-distance relation-
ships for surround suppression in
macaqueV1neurons.J.Neurosci.23,
7690–7701.
Békésy, G. V. (1972). Compensation
methodtomeasurethecontrastpro-
duced by contours. J. Opt. Soc. Am.
64, 1247–1251.
Blake, R., and Camisa, J. (1979). On
the inhibitory nature of binoc-
ular rivalry suppression. J. Exp.
Psychol. Hum. Percept. Perform. 5,
315–323.
Blake, R., Tadin, D., Sobel, K. V., Raiss-
ian, T. A., and Chong, S. C. (2006).
Strength of early visual adapta-
tion depends on visual awareness.
Proc. Natl. Acad. Sci. U.S.A. 103,
4783–4788.
Boyaci, H., Fang, F., Murray, S. O.,
and Kersten, D. (2007). Responses
to lightness variations in early
human visual cortex. Curr. Biol. 17,
989–993.
Breitmeyer, B. G., and Ganz, L. (1976).
Implications of sustained and tran-
sient channels for theories of visual
pattern masking, saccadic suppres-
sion, and information processing.
Psychol. Rev. 83, 1–36.
Breitmeyer, B. G., and Ogmen, H.
(2000). Recent models and ﬁndings
in backward visual masking: a com-
parison,review,and update. Percept.
Psychophys. 62, 1572–1595.
Cornsweet, T. N. (1970). Visual Percep-
tion. NewYork: Academic Press.
Craik, K. J. W. (1966). The Nature
of Psychology: A Selection of Papers,
EssaysandOtherWritings.NewY ork:
Cambridge University Press.
Dakin, S., and Bex, P. (2003). Nat-
ural image statistics mediate bright-
ness ‘ﬁlling-in’. Proc. Biol. Sci. 270,
2341–2348.
Davey, M. P., Maddess, T., and Srini-
vasan, M. V. (1998). The spa-
tiotemporal properties of the Craik-
O’Brien-Cornsweeteffectareconsis-
tent with ‘ﬁlling-in’. Vision Res. 38,
2037–2046.
DeValois, R. L.,Webster, M. A., DeVal-
ois,K. K.,and Lingelbach,B. (1986).
Temporal properties of brightness
and color induction. Vision Res. 26,
887–897.
Devinck, F., Hansen, T., and Gegen-
furtner, K. R. (2007). Temporal
properties of the chromatic
and achromatic craik-O’Brien-
Cornsweet effect. Vision Res. 47,
3385–3393.
Fink, W. H. (1938). The dominant eye:
its clinical signiﬁcance. Arch. Oph-
thalmol. 4, 555–582.
Gilchrist, A. L. (1977). Perceived
lightness depends on perceived
spatial arrangement. Science 95,
185–187.
Grossberg,S.,andTodorovic,D.(1988).
Neural dynamics of 1-D and 2-
D brightness perception:a uniﬁed
model of classical and recent phe-
nomena. Percept. Psychophys. 43,
241–277.
Harris, J. J., Schwarzkopf, D. S., Song,
C.,Behrami,B.,and Rees,G. (2011).
Contextual illusions reveal the limit
of unconscious visual processing.
Psychol. Sci. 22, 399–405.
Heggelund, P., and Krekling, S. (1976).
Edge-dependent lightness distribu-
tions at different adaptation levels.
Vision Res. 16, 493–496.
Hung, C. P., Ramsden, B. M., Chen, L.
M., and Roe, A. W. (2001). Build-
ing surfaces from borders in areas
17 and 18 of the cat. Vision Res. 41,
1389–1407.
Hung,C.P.,Ramsden,B.M.,andRoe,A.
W. (2007).A functional circuitry for
edge-inducedbrightnessperception.
Nat. Neurosci. 10, 1185–1190.
Kaufman, L. (1963). On the spread of
suppression and binocular rivalry.
Vision Res. 3, 401–415.
Kinoshita,M.,and Komatsu,H. (2001).
Neural representation of the lumi-
nance and brightness of a uniform
surface in the macaque primary
visual cortex. J. Neurophysiol. 86,
2559–2570.
Knill, D. C., and Kersten, D. (1991).
Apparent surface curvature affects
lightness perception. Nature 351,
228–230.
Komatsu, H. (2006). The neural mech-
anisms of perceptual ﬁlling-in. Nat.
Rev. Neurosci. 7, 220–231.
Lamme, V. A. (2006). Towards a true
neural stance on consciousness.
Trends Cogn. Sci. (Regul. Ed.) 10,
494–501.
Lamme, V. A., and Roelfsema, P. R.
(2000). The distinct modes of vision
offered by feedforward, and recur-
rent processing. Trends Neurosci. 23,
571–579.
Lehmkuhle, S. W., and Fox, R. (1975).
Effect of binocular rivalry suppres-
siononthemotionaftereffect.Vision
Res. 15, 855–859.
Liu, L., and Schor, C. M. (1994).
The spatial properties of binocu-
lar suppression zone. Vision Res. 34,
937–947.
MacEvoy, S. P., and Paradiso, M. A.
((2001)).Lightnessconstancyinpri-
mary visual cortex. Proc. Natl. Acad.
Sci. U.S.A. 98, 8827–8831.
Frontiers in Human Neuroscience www.frontiersin.org October 2011 | Volume 5 | Article 125 | 8Masuda et al. Awareness of luminance edge in Craik-O’Brien-Cornsweet effect
Maruya,K.,andBlake,R.(2009).Spatial
spread of interocular suppression is
guided by stimulus conﬁguration.
Perception 38, 215–231.
Maruya, K., Hosokawa, K., Kusachi, E.,
Nishida,S.,Tachibana,M.,and Sato,
T. (2010). A system for rapid devel-
opment and easy sharing of accu-
rate demonstrations for vision sci-
ence.ConferenceAbstract:Neuroin-
formatics 2010. Front. Neurosci. doi:
10.3389/conf.fnins.2010.13.00093
Maruya, K., Watanabe, H., and Watan-
abe, M. (2008). Adaptation to invis-
ible motion results in low-level but
not high-level aftereffects. J. Vis. 8,
7.1–11.
Neumann,H.,Pessoa,L.,andHansen,T.
(2001).Visual ﬁlling-in for comput-
ing perceptual surface properties.
Biol. Cybern. 85, 355–369.
O’Brien,V.(1958).ContourPerception,
illusion and reality. J. Opt. Soc. Am.
48, 112–119.
O’shea, R. P., and Crassini, B. (1981).
Interocular transfer of the motion
after-effect is not reduced by binoc-
ular rivalry. Vision Res. 21, 801–804.
Paradiso, M. A., and Nakayama, K.
(1991). Brightness perception and
ﬁlling-in. Vision Res. 31, 1221–1236.
Perna, A., and Morrone, M. C. (2007).
Thelowestspatialfrequencychannel
determines brightness perception.
Vision Res. 47, 1282–1291.
Perna, A., Tosetti, M., Montanaro,
D., and Morrone, M. C. (2005).
Neuronal mechanisms for illusory
brightness perception in humans.
Neuron 47, 645–651.
Purves, D., Shimpi, A., and Lotto, R. B.
(1999). An empirical explanation of
the cornsweet effect. J. Neurosci. 19,
8542–8551.
Purves, D., Williams, S. M., Nundy, S.,
and Lotto, R. B. (2004). Perceiving
the intensity of light. Psychol. Rev.
111, 142–158.
Rees, G., Kreiman, G., and Koch, C.
(2002). Neural correlates of con-
sciousness in humans. Nat. Rev.
Neurosci. 3, 261–270.
Robinson,A. E.,and de Sa,V. R. (2008).
Brief presentations reveal the tem-
poral dynamics of brightness induc-
tion and White’s illusion.Vision Res.
48, 2370–2381.
Roe, A. W., Lu, H. D., and Hung, C.
P. (2005). Cortical processing of a
brightness illusion. Proc. Natl. Acad.
Sci. U.S.A. 102, 3869–3874.
Rossi, A. F., and Paradiso, M. A.
(1996). Temporal limits of bright-
ness induction and mechanisms of
brightnessperception.VisionRes.36,
1391–1398.
Rossi, A. F., and Paradiso, M. A.
(1999). Neural correlates of per-
ceived brightness in the retina,
lateral geniculate nucleus, and
striate cortex. J. Neurosci. 19,
6145–6156.
Rossi,A. F.,Rittenhouse,C. D.,and Par-
adiso,M. A. (1996). The representa-
tion of brightness in primary visual
cortex. Science 273, 1104–1107.
Sasaki,Y.,andWatanabe,T. (2004). The
primary visual cortex ﬁlls in color.
Proc. Natl. Acad. Sci. U.S.A. 101,
18251–18256.
Shevell, S., Allen, E., and Anstis, S.
(2011). Binocular fusion unmasks
rivalrous suppression of the Craik-
O’Brien-Cornsweet (COC) Illusion.
Conference Abstract: Vision Sciences
Society 11th Annual Meeting. J. Vis.
11, 370.
Tsuchiya,N.,andKoch,C.(2005).Con-
tinuous ﬂash suppression reduces
negative afterimages. Nat. Neurosci.
8, 1096–1101.
von der Heydt, R., Friedman, H. S.,
and Zhou, H. (2003). “Searching
for the neural mechanisms of color
ﬁlling-in,”inFilling-in:FromPercep-
tual Completion to Cortical Reorga-
nization, eds L. Pessoa and P. De
Weerd(NewYork:OxfordUniversity
Press), 106–127.
Wachtler, T., and Wehrhahn, C. (1997).
The Craik-O’Brien-Cornsweet
illusion in colour: quantitative
characterisation and comparison
with luminance. Perception 26,
1423–1430.
Conﬂict of Interest Statement: The
authors declare that the research was
conducted in the absence of any
commercial or ﬁnancial relationships
that could be construed as a potential
conﬂict of interest.
Received:21July2011;accepted:13Octo-
ber 2011; published online: 28 October
2011.
Citation: Masuda A, Watanabe J, Terao
M, Watanabe M, Yagi A and Maruya K
(2011) Awareness of central luminance
edge is crucial for the Craik-O’Brien-
Cornsweet effect. Front. Hum. Neurosci.
5:125. doi: 10.3389/fnhum.2011.00125
Copyright © 2011 Masuda, Watanabe,
Terao,Watanabe,Yagi andMaruya.This
is an open-access article subject to a non-
exclusive license between the authors and
Frontiers Media SA, which permits use,
distribution and reproduction in other
forums,providedtheoriginalauthorsand
source are credited and other Frontiers
conditions are complied with.
Frontiers in Human Neuroscience www.frontiersin.org October 2011 | Volume 5 | Article 125 | 9